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A B S T R A C T
Management practices to improve soil health influence several ecosystem services including regulation of water
flows, changes in soil biodiversity and greenhouse gases that are important at local, regional and global levels.
Unfortunately, the primary focus in soil health management over the years has been increasing crop productivity
and to some extent the associated economics and use efficiencies of inputs. There are now efforts to study the
inter-relationship of associated ecosystem effects of soil health management considering that sustainable in-
tensification cannot occur without conscious recognition of these associated non-provisioning ecosystem ser-
vices. This review documents the current knowledge of ecosystem services for key management practices based
on experiences from agricultural lands in sub-Sahara Africa (SSA). Here, practicing conservation agriculture
(CA) and Integrated Soil fertility management (ISFM) have overall positive benefits on increasing infiltration
(> 44), reducing runoff (> 30%) and soil erosion (> 33%) and increases soil biodiversity. While ISFM and
Agroforestry increase provisioning of fuelwood, fodder and food, the effect of CA on the provisioning of food is
unclear. Also, considering long-term perspectives, none of the studied soil health promoting practices are in-
creasing soil organic carbon (SOC). Annual contributions to greenhouse gases are generally low (< 3 kg N2O
ha−1) with few exceptions. Nitrogen leaching vary widely, from 0.2 to over 200 kg N ha−1 and are sometimes
inconsistent with N inputs. This summary of key considerations for evaluating practices from multiple per-
spectives including provisioning, regulating, supporting and cultural ecosystem services is important to inform
future soil health policy and research initiatives in SSA.
1. Introduction
Land degradation characterized by soil erosion, nutrient depletion,
loss of biological diversity and decreasing quality and quantity of water
is a major problem facing many countries in sub-Saharan Africa (SSA;
Swift et al., 2006). About 65% of the agricultural land in SSA is de-
graded due to poor management practices, which induce declines in soil
biological, chemical and physical quality; reducing the capacity of the
soil to support crop production and provide other ecosystem service
(ES; Oldeman et al., 1991; Zingore et al., 2015). Annual nutrient de-
pletion in year 2000 were estimated to reach 38 kg ha−1 (i.e., 26 kg N,
3 kg P, 9 kg K; FAO and ITPS, 2015), leaving soils with serious fertility
and other constraints (FAO, 2002). Such degraded lands reduce the
annual agricultural productivity by nearly 3% (Zingore et al., 2015),
costing the SSA region about USD 68 billion annually. The degradation
has stagnated or even declined yields levels of cereal and legume crops
(Obalum et al., 2012) at a time when the region’s population is rapidly
rising. Meeting the growing demand for food, while also supporting
livelihoods of 70% of the households in the region depending directly
or indirectly on agriculture (FAO, 2002), will be a big problem if the
current trend of degradation continues. Furthermore, poverty and
malnutrition are likely to worsen as the population grows. Therefore, to
address the prevalent problem of degradation, improving soil health,
especially in agricultural lands, is a key priority. Soil health is defined
as the continuous capacity of soils to function as a vital living eco-
system, within ecosystem and land use boundaries, to sustain biological
productivity, maintain the quality of air and water, and promote plant,
animal and human health (Doran and Zeiss, 2000). Because it considers
the full range of ecosystem services, soil health is broader than soil
fertility which mostly considers only the capacity of a soil to grow crops
(Vanlauwe et al., 2010).
Soil health-improving practices such as conservation agriculture
(CA), integrated soil fertility management (ISFM) and agroforestry
practices positively affect not only the often measured crop production
but also contribute to other ES (Blum, 2005). CA is a farming system
that minimizes soil tillage, maintains a permanent soil cover of at least
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30%, and cultivates a diverse range of plant species in rotation or in-
tercropping to improve soil health. ISFM is the combined use of mineral
fertilizers and locally available soil amendments and organic matter in
crop production while agroforestry is a land use management system
involving growing trees or shrubs among crops. Recognizing that soil
health affects other ES, it was proposed that management of agri-
cultural soils must address not only productivity but also environmental
effects, such as greenhouse gases, air and water quality (Lal, 2000).
Ecosystem services provided by soils include regulation of the atmo-
sphere and climate, primary production, nutrient conservation, carbon
sequestration, water purification and erosion control (Millennium
Ecosystem Assessment (MEA), 2005). These ES have been grouped into
four broad categories namely: provisioning, regulating, supporting and
cultural services. The recognition of linkages between soil health and
broader ES is not new in SSA. As early as the 1970s, Rapp (1977) ap-
preciated that dense vegetative soil cover under CA can be as effective
as forests in controlling soil erosion; a major problem of agricultural
landscapes in the region and contributes to high sedimentation of re-
servoirs (Dunne, 1977).
Over the past several decades different studies in SSA have assessed
the impacts of some of the common soil health improving agronomic
management practices on one or more ES, with major focus on the
provision of food and climate regulation. The existing global reviews
have focused on linking soils to ES in general, based on the soil physical
and chemical properties such as organic carbon and water holding ca-
pacity (Adhikari and Hartemink, 2016), and examining the relationship
between CA and ES (Palm et al., 2014; Giller et al., 2015). However,
there are few studies providing a thorough review on how soil health
relates to ES in all defined broad categories in SSA. Given that the
promotion and adoption of improved management practices to enhance
soil health is gaining momentum in SSA, it is important to understand
the impacts of these practices on ES. The objective of the review is to
provide current state of knowledge on effects of soil health manage-
ment on delivery of ecosystem services for human well-being within
SSA (See Table 1).
2. Methodology
This review focused on evaluation of the influences of soil health on
ecosystem services in SSA. The region is characterized by high food
insecurity, high levels of land degradation and increasing population in
addition to the uncertainty of global climate change. Governments in
the region have committed to improve land productivity through in-
creased use of fertilizers along with incorporation of soil health pro-
moting practices (like CA, ISFM, or agroforestry).
The data and information used in this study was obtained from a
literature search conducted from November 2018 to July 2019. There
were no restriction placed on publication dates because there are not
many studies on ecosystem services in SSA, especially those touching on
the regulating, supporting and cultural aspects. Initially, the search in
Google Scholar search engine using key words of “soil health”, “eco-
system services” and “sub-Sahara Africa” returned 95 publications.
Some of the publications were unsuitable as they did not provide the
key indicators of interest. The search was therefore refined to include
the specific indicators measured as part of ecosystem services targeting
the different sub-sections of our study. The keywords included in the
refined search in combination with “soil health” and “sub-Sahara
Africa” are food production, fodder production, freshwater soil loss,
nutrient leaching, fuelwood production, climate regulation, pest and
diseases, pathogens, greenhouse gas, nitrous oxide, soil organic carbon,
agroforestry, firewood, bioremediation, erosion, conservation agri-
culture, provisioning services, cultural services, regulating services and
supporting services. In each case, the publications were screened to
retain only those relating to effects of soil health management inter-
ventions. In the end, a total of 93 publications were used in this review,
covering 1970–2019. These cover the key management practices used
in the region such as CA which consists of reduced or zero tillage, crop
residue retention and crop rotations including cover crops (Hobbs et al.,
2008), ISFM involving the combination of inorganic fertilizers and or-
ganic resources, and agroforestry systems. The publications also cover a
wide range of geographies with the extracted data in Tables and Figures
covering Kenya, Nigeria, Mali, Burkina Faso, Zambia, Zimbabwe,
Ethiopia, Mali, Tanzania and Togo besides several other countries dis-
cussed within the text (Fig. 1).
Data on specific soil physical, chemical and biological character-
istics used in the Tables and Figures were extracted directly from the
publications only when several manuscripts contained the data, other-
wise the information or data was mentioned within the text. Extraction
of carbon data involved retrieving information from graphs, tables or
real values reported in different publications. Some data conversions
were undertaken for reporting in this study. For example, soil organic
carbon (SOC) data was reported for variable periods, from 1 to 40 years.
Where necessary, e.g. in Partey et al. (2017) study, we recalculated and
presented the SOC data in per annual increments in the text, i.e.,
equivalent quantities of carbon per hectare on annual basis. For long-
term trends, SOC data derived from four research studies conducted in
Kenya, Nigeria and Togo were fitted into simple linear regression
curves with time of measurement since trial establishment as the x-
variable.
For systems that had been sufficiently studied or where thorough
Table 1
Effects of conservation agriculture on soil loss, runoff, infiltration rates and associated yield change relative to conventional tillage systems in different parts of SSA.
Source Country/ year Soil type Rainfall
(mm)
Soil loss (t/ha/yr) Runoff (mm) Infiltration rate (mm h-1) Yield change
CA CT CA CT CA CT
Araya et al. (2011) Ethiopia 2007 Vertisol 230 5.2 24.2 46.3 98.1 n.d n.d +wheat (Triticum aestivum)
−Teff (Eragrostis tef)
Thierfelder and Wall
(2009)
Zimbabwe 2006 Arensol &
Luvisols
1036 8 12 n.d. n.d 47 32 No change (maize)
Zimbabwe 2007 Arensol &
Luvisols
534 0.9 2.4 n.d n.d 75 52 + maize (Zea mays)
Zambia 2006 Lixisols 734 n.d n.d n.d n.d 53 34 + maize (Zea mays)
Zambia 2007 Lixisols 550 n.d n.d n.d n.d 47 25 None (maize)
Lal (1997) Nigeria 1981 Alfisols n.d 0.25 1.03 26.3 68.1 n.d n.d − maize
Nigeria 1981 Alfisols n.d 0.16 0.63 33.3 79.1 n.d n.d None (cowpea; Vigna
unguiculata)
Nigeria 1984 Alfisols n.d 0.78 6.64 137 197 n.d n.d None (Soybean [Glycine
Max.])
Nigeria 1984 Alfisols n.d 0.76 3.79 87.5 115.3 n.d n.d + cowpea; Vigna unguiculata
CT = conventional tillage; CA = conservation agriculture (direct seeding under mulch and no till except for Araya et al. (2011) which used permanent raised bends
with furrow); n.d = no data was available; +=positive yield change; − =negative yield change.
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review already existed, reference to these studies was made without
going into a lot of details. The contribution of agroforestry to fuelwood
and to other indicators of ecosystem services, such as SOC, have for
example been undertaken in Malawi and Zambia by Kaczan et al.
(2013) and other sub-Saharan countries by Partey et al. (2017). Under
such contexts, only general distributions or average contributions are
presented.
3. Results and discussion
3.1. Soil health and provisional ecosystem services:
3.1.1. Effects on food, fodder, and fuelwood production
Improved soil health is often associated with improved crop and
fodder productivity (Vanlauwe et al., 2015; Njoroge et al., 2017; Ichami
et al., 2019). ISFM technologies are known to increase yields and
sometimes tripling and quadrupling production over current farmer
practices (Kihara et al., 2017). Evidence from meta-analysis and review
studies shows that the use of agroforestry technologies also has the
potential to increase crop yields and overall system productivity in SSA
smallholder farming systems (Kaczan et al., 2013; Partey et al. 2017;
Kuyah et al., 2019). However, improved soil health under CA is mostly
concurrent with reduced yields especially in the first 2–5 years of es-
tablishment (Thierfelder et al., 2015a), although savings in labor often
compensate for this. Where there is yield increase with either CA or
ISFM, it is often accompanied by an increase in the crop residues bio-
mass, which are useful for feeding animals (Mugwe et al., 2007;
Mupangwa and Thierfelder, 2014). Feed provisioning varying from 7 to
21 t ha−1 yr−1 of above ground biomass under agroforestry using im-
proved fallows, for example, is reported in an SSA-wide review (Partey
et al., 2017). Improved soil health is also associated with enhanced
microbial activities and enhanced plant access to different nutrients
from soil (Smith et al., 2011; Coyne and Mikkelsen, 2015; Berruti et al.,
2016) and subsequent nutrient transfer along the food chain (Grusak
and DellaPenna, 1999). Therefore, improved soil health influences food
and feed quality due to changes in mineral nutrition of crops (Sahrawat
Fig. 1. Map of countries where data and information from peer reviewed journals on the different ecosystem services in sub-Saharan Africa were extracted. Source is
the Global Administrative Boundaries Map (GADM).
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and Wani, 2013).
Fuelwood provides 80% of energy supply in SSA, with estimated
692 kg per capita per annum of fuelwood consumed in rural South
Africa (Dovie et al., 2004). It is an increasingly scarce resource among a
large majority of smallholder farmers in SSA. Within agroforestry sys-
tems, use of green manure cover crops with woody stems, for instances
pigeon pea (Cajanus cajan), sesbania (Sesbania spp.) and calliandra
(Calliandra spp.) also provide fuelwood (Saxena, 2008; Saxena et al.,
2010). The use of nitrogen-fixing agroforestry trees has the potential of
increasing fuelwood production by 4–10 t ha−1 year−1, as has been
reported in Tanzania by Iiyama et al. (2014). This is an obvious alter-
native to deforestation, which opens doors for fast turnover of carbon
sequestered over previous decades. A SSA-wide review of the potential
of agroforestry in the provision of wood fuel is available from Iiyama
et al. (2014).
Improving soil health is related to increased crop resilience to cli-
mate change (Grover et al., 2009) which is important for continued
provisioning of food, fodder and fuelwood. The ability to reduce the
impacts of the year-to-year or season-to-season weather variability on
productivity is certainly a desirable attribute of improved soil health
(Porter and Semenov, 2005). Based on long-term (13 yr) trials, growing
maize (Zea mays) in association with legume trees increases production
stability relative to conventional practices in southern Africa (Sileshi
et al., 2012). In 30 season (15 yr) trials in western Kenya, systems that
increase soil health are associated with improved yield stability across
environments but are also associated with increasing yields over time
and – especially those under CA – improved economics (own data). Yet
globally, for some of the CA systems, real benefits, e.g. of rotations
reported in Mozambique, are realized only after as much as 20 years
(Rusinamhodzi et al., 2011). The benefits are derived from improved
soil structure and regulation of water and nutrient flows (Ayuke et al.,
2012). Besides having overall higher productivity, intercropping re-
duces crop failure compared to mono-cropping in farming systems in
SSA (Mzezewa and Gwata, 2016; Kermah et al., 2017; Mthembu et al.,
2018). While yield and yield stability can be argued for most soil health
management practices, the use of some practices, such as fertilizer
micro-dosing, induce nutrient mining resulting in overall decline in
fertility in the long-run, as observed in Benin (Tovihoudji et al., 2017).
Thus, while some soil health management practices result in quick
provisioning benefits (yield), some systems require sufficient time of
consistent implementation before benefits are realized. However, ne-
gative side-effects, such as nutrient mining, must also be considered.
3.1.2. Effects on freshwater
Up to 10–25% (Rockström, 2000) or even 50% of rainfall received
may be found as runoff on eroded slopes (Rapp, 1977). This leads to
heavy soil erosion, especially in conventional tillage systems with
prolonged times of bare soil. In the humid tropics of SSA, annual soil
loss rates had been estimated at about 50 t ha−1 (FAO, 1995). Lack of
soil cover enhances crusting, inhibits rain water percolation, and in-
creases top soil loss (Lal, 1987) often accompanied by nutrient transfers
and deposition e.g., into water bodies (Zhou et al., 2014). In Eastern
Africa for instance, total nitrogen (N) load of 152,000 t N year−1 is
deposited into an already eutrophied Lake Victoria via riverine trans-
port and atmospheric deposition (Zhou et al., 2014). Sediment loads in
river water, which in Kenya have been observed to surpass 1000 t km−2
yr−1, are associated with unsuitable management practices of agri-
cultural land, and are several multiples over those associated with
forest lands (Dunne, 1977). Although no data could be found for SSA,
there is evidence from elsewhere that under such conditions of dete-
riorating water quality, degeneration of a multitude of sensitive wet-
land ecosystem functions occur (Dell'Anno et al., 2002; Chislock et al.,
2013), including impaired and in extreme situations loss of aquatic life
due to cyanobacteria toxins and decomposing organic matter (Yang
et al., 2008). From experiences in Eastern Africa, the associated sedi-
mentation of water reservoirs reduce their total economically viableTa
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live spans (period from dam construction to being filled-up with sedi-
ment) to not> 25–30 years (Rapp, 1977), costing countries huge in-
vestment to reverse the damage.
Nitrogen leaching into groundwater is not yet a problem in SSA as
fertilizer use is still very low across the region (Alliance for a Green
Revolution in Africa (AGRA), 2016). In paradox, soil infertility is in
some cases blamed on leaching losses (Mugwe et al., 2011; Mucheru-
Muna et al., 2014). In either case, potential for ground water con-
tamination exists (Table 2). Although manure minimizes leaching re-
lative to synthetic mineral nitrogen (Kamukondiwa et al., 1996), it is
the combination of manure (12.5 t ha−1) and mineral nitrogen
(60 kg ha−1) that had the biggest effect on maintaining productivity
while minimizing leaching in Zimbabwe (Nyamangara et al., 2003).
Whether under short or long-term trials, the leaching potential in-
creases with nitrogen application and yet also varies widely from very
low to sometimes > 100 kg N ha−1 yr−1 (Table 2). The extent of N
leaching is dependent on rainfall intensity and amount, evaporation
rate, soil structure, texture, tillage, cropping practices and the amount
and form of N fertilizer applied (Russo et al., 2017).
The influence of management practices on nitrate-N leaching is
however still unclear (Kimetu et al., 2007; Masso et al., 2017; Musyoka
et al., 2019). Galvanizing higher nitrate losses – with rates that are
significantly higher than the applied N e.g. in Nigeria, Tanzania and
Togo – in some years are attributed to increased mineralization of N
from organic matter and ammonium in clay minerals, and the possi-
bility of the bulk of nitrates being derived from the soil (Våje et al.,
2000; Wong et al., 1992; Poss and Saragoni, 1992). High leaching of
nitrate (144 kg N ha−1 in Nigeria) is even observed in cases where there
was no application of nitrogen (Wong et al., 1987). This points to un-
certainties in the reported data and the need for evaluation of methods
used for leaching assessments in the region (See Table 3).
What is clear is that a substantial quantity of N lost through leaching
is affecting groundwater. In Nigeria, nitrate concentrations in ground-
water under fertilized (100 kg N ha−1) fields ranged between 12.8 and
24.6 mg/L compared to 2.8–5.2 mg/L under the unfertilized control
(Adetunji, 1994). The proximity of the nitrate source (fields, etc.) to
water bodies influence the ultimate water nitrate concentrations found
in these water bodies. In South Africa, nitrate pollution from fertilized
fields and pit latrines were higher where boreholes were situated less
than 12 m from the sources, with nitrate concentrations ranging be-
tween 2.3 and 36.2 mg kg−1 and ammonium concentrations ranging
between 0.003 and 8.30 mg/kg in different boreholes (Vinger et al.,
2012). But these nitrogen values are below the 50 mg N/L commonly
accepted threshold in drinking water beyond which human health
(especially those of infants) is seriously affected under long-term ex-
posure (Aslan and Türkman, 2004).
Nitrogen losses/inefficiencies increase with increase in time be-
tween application and crop uptake (Musyoka et al., 2019). Proper
timing of nitrogen fertilizer application with crop growth requirements,
alongside application of N at recommended rates, is critical in enhan-
cing N use efficiency and reduction of losses such as through leaching.
Nitrogen supply timed at the beginning of rapid crop growth of maize
has been suggested to improve N uptake, increase N recovery efficiency
and reduce leaching losses (Kitonyo et al., 2018). Although effects of N
timing on crop growth and other parameters were independent of til-
lage systems, split application of nitrogen at 80 kg ha−1, i.e., 1/3 at
maize planting and 2/3 at four weeks later resulted to 62% more yields
in the fertilized than unfertilized control treatment (Kitonyo et al.,
2018), pointing to reduced losses and maximum utilization of the ap-
plied nitrogen by the crops.
Soil health management technologies provide opportunities to re-
duce, or even completely eliminate, runoff and resultant erosion, pro-
viding similar hydrological benefits as forest areas. CA systems with
residue cover have high abundance of so-called ecosystem engineers,
i.e. soil macro- fauna involved in tunneling and soil aggregation (Fig. 2;
Ayuke et al., 2011; de Ferreira et al., 2016), which are important soil Ta
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physical properties regulating water movements. As such, CA systems
reduce runoff and increase soil water infiltration rates compared to
conventional tillage practices. Unfortunately, CA is practiced only to a
limited extent in SSA – only about 1 million ha or 1% of arable land in
Africa is under CA (Friedrich et al., 2017) – and is unlikely to yet confer
widespread ecosystem service benefits. Besides CA, use of micro-
catchments such as tied ridges increase soil water content, i.e., average
of 27.5 mm per week, in Burkina Faso (Hulugalle, 1987) while use of
mulch in Zimbabwe increased soil water content in two sites irrespec-
tive of tillage systems (Mupangwa et al., 2007). In the Ethiopian
highlands, soil moisture improved by 10% in plots planted under Zai pit
technology compared to flat planting (Amede et al., 2011). Zai pits are
Fig. 2. A pictorial representation of some benefits of soil health management (i.e. in this particular case conservation agriculture) from data and information gathered
in the context of the Sustainable Intensification of Maize-Legume Systems for Food Security in Eastern and Southern Africa project (SIMLESA; https://simlesa.
cimmyt.org/). The data on soil macrofauna presented in this Figure are obtained from Ayuke et al. (2019).
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small water harvesting pits traditionally developed and used for re-
habilitating eroded fields and increasing yields under water scarcity in
Burkina Faso (Amede et al., 2011). In Tanzania, incorporation of mulch
as a soil water conservation measure reduced soil erosion compared to
where mulch was not used (Mwango et al., 2016). Increasing these
types of soil health management practices across the landscape would
enhance percolation of water thereby moderating base flows and con-
trolling seasonal flooding and flash floods (Rapp, 1977; Adeboye et al.,
2017) that put downstream communities at risk. Implementing soil
health management practices in the highlands therefore benefits low-
land communities but where direct benefits to the practicing farmers
are delayed or not forthcoming, applying incentives such as green water
credits, may boost adoption of these practices (Grieg-Gran et al., 2006;
Droogers et al., 2006).
3.2. Soil health and regulatory ecosystem services:
3.2.1. Effects on climate regulation
The global soil C stock is at least three times the total atmospheric C
(Gougoulias et al., 2014; FAO, 2016). Globally, inappropriate soil
management practices i.e., use of inorganic fertilizers without organic
inputs, crop residue burning and unsuitable cropping systems e.g.
monoculture, have resulted in about 25–75% SOC losses in various
agroecosystems (FAO, 2017). It is often assumed that the adoption of
CA and ISFM results in SOC sequestration in agricultural systems of
SSA. This is based on data that only compare differences between sys-
tems without a time perspective (Chivenge et al., 2007; Steward et al.,
2018; Martinsen et al., 2019). However, data from long-term trials in
Kenya, Nigeria and Togo varying from 10 to 40 years show a con-
tinuous loss of SOC in cropland systems under these management
practices (Fig. 3). For example, in a 40-year experiment, Kintché et al.
(2015) observed declining soil carbon i.e., 32–45% in continuous
cropping systems and 46–52% in unfertilized fallows, from the initial
conditions. Also, in several other experiments spanning 5–20 years,
annual loss rates of soil organic carbon of between 0.5 and 7% are
observed among treatments including tillage systems, fertilizer appli-
cation regimes and dominant cropping systems across West Africa
(Bationo et al., 2007). Thus, it appears that compared to conventional
systems CA and ISFM only reduce the rates of decline of SOC relative to
common land management practices but do not seem yet to be se-
questering carbon (Sommer et al., 2018). A possible reason for the
observed SOC loss could be the high temperatures and humid condi-
tions that increase decomposition rates beyond what can be compen-
sated for by carbon inputs (Andrén et al., 2007). Although CA and ISFM
may in some regions not always results in carbon sequestration, these
technologies do help in climate mitigation through avoiding enhanced
SOC losses. Actual SOC loss mitigations are reported by different au-
thors, e.g. 0.13 t C ha−1 and 0.78 t C ha−1 yr−1 in Kenya and Zim-
babwe, respectively, due to retention of residues (Gwenzi et al., 2008;
Sommer et al., 2018) and 0.26 t C ha−1 yr−1 with manure application
in western Kenya (Sommer et al., 2018). As far as agroforestry systems
are concerned, potential contributions to SOC are included in the re-
view of Partey et al. (2017) where improved fallows (of varying dura-
tion from 1 to 5 yrs) sequestered on average 2.2 t C ha−1 yr−1
(minimum 0.7 and maximum 8.3 t C ha−1 yr−1). Vågen et al. (2005)
provides data for fallow systems, which have the potential to sequester
between 0.1 and 5.3 t C ha−1 yr−1. The temporal changes over time are
likely to shift the functioning of ecosystems and delivery of their ser-
vices (e.g., reducing provisioning of food; Kintché et al., 2015), and
missing the goal of turning round agriculture to become a net sink of
CO2 with tough global target of achieving 4 per 1000 sequestration
ambition (www.4p1000.org). Clearly, new strategies are needed, if SSA
has to reverse the ongoing carbon losses, considering that even short
fallows of less than 4 years are insufficient to bring a turnaround
(Bostick et al., 2007).
Sub-Sahara Africa has a goal of increasing fertilizer use to 7.7 mil-
lion Mt by 2050 (Drescher et al., 2011). The mere production but also
the use of such amount of (additional) fertilizer has implications on
greenhouse gas emissions. Thus, although the current contributions to
greenhouse gases from the use of mineral fertilizers and manure in SSA
is not nearly as high as in developing countries presently (van Loon
et al., 2019), the expected growth in fertilizer applications requires an
understanding of potential effects. In this region, the contribution of
soil health management practices to greenhouse gases in SSA is often
studied in the context of nitrogen fertilizer application with or without
other nutrient sources. In western Kenya, and over a 3.5 months period,
Fig. 3. Trends in SOC under long-term trials (minimum 10 years) in Kenya, Nigeria (Ibadan) and Togo. Derived from data extracted from Bationo et al. (2004),
Sommer et al. (2018), Juo et al. (1995) and Kintché et al. (2015).
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Hickman et al. (2015) observed N2O emissions of 0.012–0.25 kg ha−1,
depending on whether plots where unfertilized or received between
150 and 200 kg N ha−1. Almost similar values were observed in the
subsequent year of the study. In the same region, addition of
30 kg N ha−1 in a maize- Tephrosia (Tephrosia candida) rotation with
residue and manure applied significantly increased N2O emissions
(3.4 kg N2O-N ha−1) relative to no-fertilizer treatment (Sommer et al.,
2015). In contrast, in Mali, combined application of urea and manure
increase yields, yet reduced N20 emissions over systems without
manure but with urea (Dick et al., 2008). In central Kenya during the
4th week after planting, Kimetu et al. (2007) observed higher N2O
emissions (12.3 µg N2O-N m−2 hr−1) following incorporation of Ti-
thonia (Tithonia diversifolia) than under application of urea (1.3 µg N2O-
N m−2 hr−1), both targeting 60 kg N ha−1 although 9% of applied N in
urea was observed at lower soil profile (higher leaching potential) un-
like only 0.6% with Tithonia. Overall, most assessments are done in the
year of fertilizer application and residual effect on emissions are rarely
reported; only the study of Dick et al. (2008) reports residual effect of
urea applied on both N2O and CO2 emissions.
Other studies with management practices, not necessarily linked to
nitrogen application only, provide insights on how these practices in-
fluence greenhouse emissions. Although CA improves soil health, it
often increases emissions of greenhouse gases such as N2O (Birnholz
et al., 2017; Kaye et al., 2005). The ability of CA systems to conserve
soil moisture promotes N2O release especially in areas receiving high
rainfall (Flechard et al., 2007; Sommer et al., 2015). Tillage increases
soil respiration and emissions in Mali (Dick et al., 2008). Besides tillage
and residue incorporation increase emissions relative to surface residue
applications (i.e., under CA) as observed in Kenya under a short-term
study (Baggs et al., 2006), with the climate regime being an important
factor especially in the long-term of the CA practice (Six et al., 2004).
The contribution of tree/shrub legumes within cropping systems to
greenhouse emissions is still unclear due to scarcity of data especially of
a long-term perspective (Partey et al., 2017).
The increased greenhouse gas emission, e.g. with nitrogen use and
ISFM, must be put into context to the increases gained in crop pro-
ductivity, as discussed earlier. As such, the use of yield per emissions
unit instead of just productivity on area basis is proposed. Besides, an
increase in productivity of 60% over farmer practices due to NPK ap-
plication across SSA as is often the case (Kihara et al., 2016) could
mean, if put to scale, at least 30% in saving and restoration of the
current crop lands and halt further encroachment into fragile lands and
pristine ecosystems (Lal, 2000). Further land saving can be achieved
through an additional 25% increase in crop yield due to application of
secondary and micronutrients (beyond NPK fertilizers; Kihara et al.,
2017). In the case of CA, reduced energy consumption e.g. for land
preparation (no heavy machinery and tractors required) should be an
important consideration (Benites, 2008). It is however not yet docu-
mented to what extent land saving can compensate for greenhouse
gases evolved from increased soil health/productivity improving prac-
tices. Also, use of specialty fertilizers, such as controlled release types,
could reduce emissions associated with use of current fertilizers. Since
data on soil-based emissions are limited under the widely hetero-
geneous production environments in SSA, a call for further studies has
been made (Rosenstock et al., 2016).
3.2.2. Effects on disease control and suppression of pathogens
Management practices for improving soil health influence pests and
diseases in different ways. Implementing these practices, such as CA, is
key strategy in promoting the proliferation of soil biota i.e., spiders
(Mashavakure et al., 2019a) and beetles (Mashavakure et al., 2019b),
that are beneficial to the ecosystem through pest predation, decreasing
fungi and weed population as well as organic matter decomposition
(Midega et al., 2008). Practicing crop rotation in CA can break the cycle
of some prevalent crop pests and diseases, thus boosting food produc-
tion (Thierfelder et al., 2015b; Pieri, 2002) as has been demonstrated
for bacterial wilt in potatoes (Ipomoea batatas) and finger millet (Eleu-
sine coracana) in Uganda (Lemaga et al., 2001; Kakuhenzire et al.,
2013) and Ethiopia (Kassa, 2016). Besides, CA practices reduce pre-
valence of the parasitic plant striga (Striga hermonthica) i.e., using cover
crops with allelophathic effect that lead to suicidal germination of
striga (Rusinamhodzi et al., 2012; Thierfelder et al., 2013), responsible
for approximately 15–95% of yield losses (Mloza-banda and Kabambe,
1997) especially in nutrient degraded soils (Khan et al., 2002). Push
and Pull planting controls stem borer and Fall Armyworm (Spodoptera
frugiperda) attack on cereal crops (Khan et al., 2011, 2018) and reduce
physical injuries on cobs that often act as entry points of disease causing
pathogenic fungi. Incorporating trees and shrubs in agricultural pro-
duction helps in breaking winds which are associated with spread of
pest and disease causing pathogens (Pasek, 1988). Soil health man-
agement i.e., residue application with reduced soil disturbance can
promote growth of different bacterial groups like Actinobacteria and
Betaproteobacteria (De la Cruz-Barrón et al., 2017) and fungal species
like Arbuscular mycorrhiza and offer pathogenic protection to their host
plants (Schouteden et al., 2015; Berruti et al., 2016). The prevalence of
root rot nematodes is reduced under improved soil health (Riekert and
Henshaw, 1998). Although there are overall net benefits, there are
some cases of observed proliferation of some pests and parasites (e.g.
nematodes) with some practices such as CA where surface residue ap-
plication provides their suitable micro- environment (Thierfelder et al.,
2015b; Mashavakure et al., 2018).
In very recent years, the use of bio-pesticides is increasing as part of
the soil health management practices in response to societal concerns
such as human health effects of mycotoxins. Despite very promising
results, studies on effects of soil management practices on pests and
diseases are overall scant in SSA. For example, soil health management
practices, such as the use of atoxigenic strains of Aspergillus flavus is
reducing aflatoxins that pose serious health effects to both humans and
animals (Wu and Khlangwiset, 2010). With such biocontrol, the number
of lives saved and quality of life gained by reducing aflatoxin- induced
cancer far exceeds the cost of the biocontrol (Wu and Khlangwiset,
2010; Bandyopadhyay et al., 2016). The use of soil health management
practices, such as biocontrol and push–pull, reduces the requirement for
agro-chemicals (Midega et al., 2008) in controlling invasive pests and
diseases and therefore reduce potential negative effects on consumers
and the environment (Bandyopadhyay et al., 2016).
Improved soil health is associated with improved crop nutrition and
quality of produce. For instance, based on a global assessments in-
cluding SSA the prevalence of malnutrition has been shown to be
tightly correlated with zinc deficiencies in soils (Wessells et al., 2012).
Soil health management – in this case either the addition of zinc-con-
taining mineral fertilizer or increasing activity of microbes that solu-
bilize micronutrients– addresses these deficiencies.
3.3. Soil health and (processes) supporting ecosystem services
Supporting services of soils are those that enhance the function of
the whole ecosystem including photosynthesis, nutrient and water cy-
cling. Most of those related to nutrient cycling have been discussed in
provisioning and regulating ecosystem services, i.e., supporting eco-
system services cut across all other ecosystem services (Millennium
Ecosystem Assessment (MEA), 2005). The achievement of these ES is
through the role of soil health improving abundance and functioning of
specific functional groups such as P-solubilizing fungi and N- fixing
bradyrhizobia (Ferreira et al., 2000). Increased richness and diversity of
soil microbes has been observed due to specific management, e.g. the
use of farm yard manure (FYM) and its combination with mineral fer-
tilizers (Kibunja et al., 2010) and under CA systems of western Kenya
(Kihara et al., 2012). Besides these, soil health influences other pro-
cesses, such as photosynthesis through Bradyrhizobium strains control-
ling the opening and closing of stomata (Law and Strijdom, 1989) and
other microbes including rhizobia stimulating plant growth such as
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through production of phyto-hormones and other growth promoting
molecules, or by acting as natural endophytes for agronomically im-
portant crops (Chaintreuil et al., 2000), for instance clover rhizobia in
rice plants of North Africa (Yanni et al., 2001).
Improved soil health is associated with appropriate synchrony be-
tween nutrient supply and crop demand, avoiding problems of leaching
and emissions. Besides, appropriate symbiosis between soil organisms
(fungus, bacteria, archaea) and host plants benefit such plants to
maximize their productivity (Johnson et al., 1997). Biological nitrogen
fixing (BNF) for example can result in up to 400 kg N ha−1yr−1 fixed
through symbiosis while variable quantities are fixed through associa-
tive and free-living associations (Barrios, 2007). Biological nitrogen
fixation not only improves soil health with subsequent increase in crop
yields but also provides relief towards the cost incurred in purchasing
inorganic nitrogen fertilisers, not to mention the benefits of reduced
energy use (and associated CO2 emissions) for producing such synthetic
fertilizer in the first place.
Overall, soil health improving practices may result in positive, ne-
gative or no change in different parameters of ecosystem services
(Table 4) and period of implementation of a system is important in
determining these effects.
3.4. Soil health and cultural ecosystem services:
When land use is changed, e.g. converted to cultivation, quick drops
in important parameters across the different types of ecosystem services
of supportive, regulative, provisioning and cultural services are ob-
served (Tully et al., 2015). Poor soil health invites land expansion
(habitat encroachment), poor recharge of groundwater and hu-
man–human and human-wildlife conflicts (Lamarque et al., 2009; Bob
and Bronkhorst, 2010). Habitat encroachment affects the biodiversity –
i.e. large mammals, birds and reptiles – important for tourism and takes
over pristine and culturally-linked sites (Maude and Reading, 2010;
Muhumuza and Balkwill, 2013). Conversion of large areas of in-
digenous forest communities in the Mau forest of Kenya for example has
affected cultural ways of life of the hunting and gathering Ogiek com-
munity (Chabeda-Barthe and Haller, 2018). Practices that improve soil
health avoid such problems and provide recreational benefits as re-
ported in Ghana (Appiah-Opoku, 2011) and Kenya (Gathogo, 2013).
Other benefits of soil health include agritourism, a growing industry
where urban dwellers visit rural settings to experience farming activ-
ities such as farm restaurants, farm lodgings and farm walks (Rogerson
and Rogerson, 2014). A study in Cameroon showed that soil health
promoting practices, such as CA, also save labor time, which may oc-
cupy up to 60% of farmer’s time (Biandoun, 2007). This potentially can
afford hard-working farmers with more free time, especially women for
own recreation and socializations.
4. Conclusions
A multi-dimensional assessment of soil health-promoting practices
focusing on a wide range of ecosystem services is important to unravel
the entire set of benefits of these practices across the SSA. This study
provides an important framework to guide key considerations for such
assessments. Clearly, soil health promoting practices in general result in
positive changes on a majority of ecosystem services relative to lack of
such practices. New indicators of performance of soil health practices
should be considered including e.g., productivity per unit of greenhouse
gases. Studies are required to provide data for some of the less studied
dimensions such as leaching to not only cover more geographical and
soil conditions but also understand the currently perceived un-
certainties of measurements. Strategies are needed to ensure that eco-
system services resulting from investments in soil health practices are
costed, e.g. through green water credits. Such credits would cover
tradeoff experienced through reduced crop yield at commencement
such as of conservation agriculture. We conclude that soil health
practices are beneficial across a wide range of ecosystem services but
investments are needed to scale these benefits and support livelihoods
and economies in SSA.
Funding sources
This work was supported by CGIAR Water, Land and Ecosystems
(WLE) under the restoring degraded lands (RDL) flagship through the
CGIAR Fund Donors including: the Australian Center for International
Agricultural Research (ACIAR); Netherlands Directorate- General for
International Cooperation (DGIS); Swedish International Development
Cooperation Agency (Sida); Swiss Agency for Development Cooperation
(SDC); and the UK Aid.
Declaration of Competing Interest
The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.
Acknowledgements
We acknowledge participants of the Technical workshop of the
International Nitrogen Management systems- East Africa
Demonstration Site held in Kisumu in March 2019 this work was first
presented. The resulting stimulating discussions, ideas and expressed
demand by the participants motivated our progress to conclude the
study. We also acknowledge Wilson Nguru, a student intern with
Alliance for Bioversity International and CIAT, for developing the map
Table 4
Effects of management on indicators of ecosystem services reported in various medium and long-term agronomic trials in Kenya. +, - and 0 indicate positive,
negative and no change, respectively relative to absence of that management practice.
Management practice Supporting service Regulating services Provisioning service
Bacterial diversity Fungal diversity SOC Aggregate stability Food production Nutrition
+Manure≠ + + + + + 0
+Rotation£ + + 0 0 0 +
+intercropping£ + + 0 + + +
+No-Till£ 0 0 + + 0 0
+No-Tillβ 0 0 + + – 0
+No-Till€ 0 + + + – 0
+No-Tillμ + ND + + – 0
≠ 16-yr integrated soil fertility management trial in western Kenya (Siaya).
£ 16-yr Conservation Agriculture trial in western Kenya (Siaya).
β 6-yr Conservation Agriculture trial in western Kenya (Kakamega).
€ 6-yr conservation trial in eastern Kenya (Embu, all except regulating services from Micheni et al., 2016).
μ 3-yr conservation trial in eastern Kenya (Mbeere). ND = not determined. All are based on own data.
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of the countries where data for this publication was retrieved.
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